The ecological radiation of amphipods is striking among crustaceans. Despite high diversity, global 14 distribution and key roles in all aquatic environments, little is known about their ecological transitions, 15 evolutionary timescale and phylogenetic relationships. It has been proposed that the amphipod 16 ecological diversification began in the Late Palaeozoic. By contrast, due to their affinity for 17 cold/oxygenated water and absence of pre-Cenozoic fossils, we hypothesized that the ecological 18 divergence of amphipods arose throughout the cool Late Mesozoic/Cenozoic. We tested our 19 hypothesis by inferring a large-scale, time-calibrated, multilocus phylogeny, and reconstructed 20 evolutionary patterns for major ecological traits. Although our results reveal a Late Palaeozoic 21 amphipod origin, diversification and ecological divergence ensued only in the Late Mesozoic, 22 overcoming a protracted stasis in marine littoral habitats. Multiple independent post-Jurassic radiations 23 took place in deep-sea, freshwater, terrestrial, pelagic and symbiotic environments, usually postdating 24 deep-sea faunal extinctions, and corresponding with significant climatic cooling, tectonic 25 reconfiguration, continental flooding, and increased oceanic oxygenation. We conclude that the 26 profound Late Mesozoic global changes triggered a tipping point in amphipod evolution by unlocking 27 2 ecological opportunities that promoted radiation into many new niches. Our study also provides a 28 solid, time-calibrated, evolutionary framework to accelerate research on this overlooked, yet globally 29 important taxon. 30 31
Introduction 35
Global environmental changes shaped biodiversity patterns throughout Earth's history (Roelants et 2019). The dispersal abilities of amphipods are poor due to egg brooding, lack of free-swimming 51 larvae and extended parental care (Barnard & Karaman 1991; Thiel 1999; Väinölä et al. 2008) . 52
Consequently, populations can easily become genetically isolated, leading to high species diversity 53 and biogeographical patterns which accurately reflect ancient historical events (Finston et al. 2007 ; 54 closely related isopods (Bousfield 1978) . Molecular phylogenetic studies tend to support this view 82 because they indicate that the onset of diversification of several major amphipod clades dates to the 83 Cretaceous/Palaeogene 
Materials and Methods 107
Data collection and sequence alignment 108
As a taxonomic backbone for data collection we used the classification on the World Register 109 of Marine Species database (WoRMS; http://www.marinespecies.org/) which is based on Lowry & 110 Myers (2017) . All the data used in the present study is publicly available in GenBank 111 (www.ncbi.nlm.nih.gov/genbank) and originates from 63 published and 13 unpublished studies (a list 112 of the data sources is found in Appendix 1 and Table S1 ; data collection ended in January 2018). Taxa  113 were included in a way that we would cover as much phylogenetic and ecological diversity as 114 possible. Maximizing phylogenetic diversity diminishes the effect of long-branch attraction and 115 increases topological accuracy by dispersing homoplasy across the tree (Heath et al. 2008) . In most 116 cases, we included one representative species per genus. We selected four molecular markers based on 117 their abundance and representativeness for all main clades: the mitochondrial cytochrome c oxidase 118 subunit I (COI), the nuclear ribosomal RNA for the large and small subunits (28S and 18S), and the 119 nuclear histone 3 (H3). All sequences were screened for contamination, presence of stop codons and 120 homology. Preliminary gene trees were constructed for each marker to identify and eliminate 121 unreliable sequences. To properly root the phylogeny, we included nine outgroups representatives: the 122 sister order Ingolfiellida, as well as other members of the Peracarida and Decapoda. The dataset 123 contained 210 (201 ingroup) terminals, representing 102 of the 226 recognized families (45%) ( Table  124 S1). 125
The PhyRe python script (Plazzi et al. 2010 ) was used to assess the phylogenetic 126 representativeness of our dataset. The analysis was run at the genus level and the reference taxonomy 127 was obtained from the WoRMS database. Confidence intervals for the average and the variation in 128 taxonomic distinctness were calculated using 1000 random replicates. 129
The protein coding COI and H3 sequences were aligned with MUSCLE ( Vinogradov et al. 1996; de Broyer et al. 2007 ). Note that "symbiotic mode 152 of life" encompasses different types of symbiosis (commensalism, parasitism, and amensalism). The 153 depth zone was attributed on the mean depth value, obtained from the minimum and maximum values 154 for depth ranges of each taxon. A taxon was considered as cold water distributed when its 155 representatives occurred at high to temperate latitudes or deeper than 1000 m. Similarly, a taxon was 156 classified as warm water when its representatives were distributed in tropical to temperate waters 157 above 1000 m depth. All ecological data can be found in the supplementary information (Table S2) . 158
To provide an overview of the geographic distribution of clades, we also gathered distribution data 159 which was obtained from Barnard & Karaman (1991) . Terminals were assigned to 17 geographical 160 areas (Table S2) . 161
162

Phylogenetic reconstruction 163
We evaluated the level of substitution saturation of each marker using the index of Xia et al. (2003) 164 implemented in DAMBE 5.3.10 . Significant levels of saturation were detected at the 165 COI 3 rd codon position (I ss >I ss.c , p = 0.0001), and, as such, these sites were not included in the and rates were allowed to vary independently. The analysis was run for 10 7 iterations, with a thinning 184 of 500 and 50% burn-in. The value for the parsimony subtree pruning and regrafting (SPR) radius 185 parameter was set to 50 and the number of swaps per generation to 10. Maximum parsimony was 186 performed with PAUP* 4.0a164 (Swofford 2002) , using heuristic searches with TBR branch swapping 187 and 1000 random taxon additions. Only phylogenetically informative sites were retained, gaps were 188 treated as missing data, and all characters were unordered and equally weighted. Nodal support was 189 estimated with 500 jackknifing replicates (JK) with 50% character removal. All phylogenetic analyses 190 were performed on the CIPRES Science Gateway v3.3 (Miller et al. 2010) . are well studied and represented by several specimens were used for calibration. All calibration nodes 206 were assigned exponential prior distributions since they require fewer parameters and are more 207 appropriate when the fossil record of the focal group is poorly known (Ho & Phillips 2009 ). Briefly, 208
we used five calibration points, the youngest (node 1), representing the origin of the Ponto-Caspian 209 gammarid amphipod radiation, was set to a minimum age of 9 Ma (mean = 25, offset = 8, 95% inconsistency between fossil ages and lineage history was not significant (Shapiro-Wilk normality test, 223 W = 0.91, p = 0.51, see Marshall 2008) . 224
Due to the notable difference between the recent amphipod (ingroup) calibration points (9-35 225
Ma) and the old outgroup (358 Ma) calibration, we also ran two additional analyses, one only with 226 ingroup calibrations, and one only with the outgroup calibration to assess if they produce compatible 227 results. 228 229
Diversification through time and ancestral state reconstruction 230
A sliding window analysis was performed according to Meredith et al. (2011) to visually inspect the 231 tendency of diversification rates through time. The period between 180 and 10 Ma was divided into 232 sliding windows of 10 Ma, with a frequency of 2.5 Ma. The period prior to 180 Ma was not considered 233 due to the low number of lineages which would indicate an artificially inflated diversification rate. The 234 number of lineages originating in a particular sliding window was divided by the number of lineages 235 occurring prior to the start of that respective sliding window. 236
We reconstructed ancestral states for the five abovementioned ecological traits with the aim of 237 evaluating the temporal framework of the amphipod ecological transitions. As such, we used the time-238 calibrated tree from the BEAST runs in subsequent analyses. Traits were treated as discrete and 239 analysed with the re-rooting method using maximum likelihood (ML) (Yang et al. 1995) as well as 240 stochastic character mapping (SCM) using Bayesian inference (Bollback 2006) , both implemented in 241 R (v.3.5.2) package phytools (v.0.6-60) (Revell 2012; R Core Team 2018). ML ancestral state 242 reconstruction was performed with the rerootingMethod function, while SCM with the make.simmap 243 function (Revell 2012) . In order to estimate the possible ancestral character states on internal nodes, 244
we ran 1000 simulations of stochastic character histories, using continuous-time reversible Markov 245 model parameters of trait evolution, estimated using default settings and the character states on the tips 246 of the phylogeny. 247
In order to evaluate the tempo of ecological disparification through time, we divided the 248 phylogenetic history in 10 MY time bins, and calculated the average number of all possible transitions 249 between states per time bin, as well as for the whole phylogeny. For the sake of clarity, we refer the 250 term "diversification" to the process of speciation, while we use the term "disparification" to the 251 process of ecological divergence. 
Phylogenetic reconstruction and molecular dating 262
All five phylogenetic reconstruction methods yielded congruent results by recovering the same major 263 clades. All model based methods recovered similar topologies and discordance was observed mainly at 264 poorly supported nodes ( Fig. 1, Figs . S2-S5). Altogether, we identified nine major clades which we 265 named informally: Gammaroids-mainly northern hemisphere taxa, with freshwater proclivity, 266
Lysianassoids-mostly deep-sea scavengers, Crangonyctoids-Holarctic freshwater species, 267
Corophioids-tube-building epifaunal/infaunal marine species, Eusiorids/Iphimedioids-ecologically 268 diverse cold-water marine species, Physosomatans and Physocephalatans-exclusively commensal and 269 parasitic warm-water marine species, most of them pelagic, Talitroids-shallow water, ecologically 270 diverse containing the only terrestrial lineage, and Atylids-a morphologically plesiomorphic and 271 cosmopolitan marine group. The following groups were either weakly supported or polyphyletic, but 272 we retained them for the sake of brevity: the Miscellaneous clade was weakly supported and 273 comprised morphologically and ecologically disparate families, while the Hadzioids were 274 morphologically consistent but polyphyletic. The order Ingolfiellida was recovered as a sister to 275
Amphipoda only in the IQTREE analysis. All remaining analyses (ML with RAxML, BI, and MP) 276 recovered the order Spelaeogriphacea as a sister to amphipods with high support, while the order 277
Ingolfiellida was sister to (Amphipoda+Speleogriphacea) clade (Figs. S3-S5). 278
Molecular dating using all the calibration points or only the root calibration resulted in similar 279 estimations (10 to 20 Ma differences; Table S3 ). The calibration scheme that included only the recent 280 ingroup fossils resulted in expectedly younger estimates, however, the 95% HPD intervals of all 281 calibration schemes overlapped to some extent (Table S3 ). Altogether, these results contradict the 282 previous views that the modern diversity of the Amphipoda was already established by the Late 283 is the most balanced and informed. Accordingly, Amphipoda has split off from Ingolfiellida during the 286 Permian (~281 Ma) and started radiating shortly after the Permo-Triassic mass extinction (~240 Ma). 287
Crown ages of all major clades lie between the Early Cretaceous and Early Palaeogene (Fig. 2 , Table  288 S3). A fully annotated chronogram is available as a supplementary figure (Fig. S6 ). An additional tree 289 with the geographical distribution of taxa mapped onto it is also available as supplementary 290 information ( Fig. S7 ). 291 292
Diversification through time and ancestral states reconstruction 293
The sliding window analysis identified four main pulses of diversification: the first occurred during 294 the middle Jurassic, the second during the late Jurassic/early Cretaceous, the third during the mid-295
Cretaceous, and the fourth in the late Cretaceous (Fig. 2) . 296
The SCM ( Fig. 3) and ML ( Fig. S8 ) reconstructions of ancestral states were highly congruent 297 and revealed a dynamic evolution of Amphipod ecology. The analyses based on 1000 simulations 298 suggested that all ecological changes, except the shift to semiterrestriality, happened multiple times: 299 on average 5.7 times from free-living to symbiotic life-style, 7.4 times from marine to freshwater and 300 2.6 times vice versa, 12.9 times from cold to warm waters and 5.3 times back to cold water, and 9.5 301 times from benthic to pelagic habitat (Table 1) . At least 100 changes of depth zones were estimated, 302 mostly from shallow waters to deep sea (Table 1) . There was a presumably single shift to 303 semiterrestrial life from ancestors with uncertain salinity preference ( Our study reveals an ancient Permian origin of amphipods, and their delayed diversification during the 323 Late Jurassic-Early Cretaceous followed by ecological disparification during the Cretaceous-324
Palaeogene. These results refute the view that most of the modern amphipod diversity already existed 325 since the Late Palaeozoic-Early Mesozoic and help reconcile their old history with their absence in the 326 pre-Cenozoic fossil record. Below we discuss the main global events that may have affected their 327 diversification and ecological radiation. We focus on large-scale patterns and emphasize that although 328 many nested radiations likely occurred discussing them in detail is beyond the scope of this study. 329 330
Global evolutionary and biogeographical patterns 331
Our results indicate that amphipods split off from ingolfiellids during the Permian (~280 Ma). 332 This is in good agreement with previous studies which suggested a Late Palaeozoic age of the 333
Amphipoda based on the fact that peracarids went through an extensive phase of radiation and 334 dispersal during this time (Bousfield 1983; Schram 1986; Wolfe et al. 2016 ). Furthermore, the 335
Permian is also known for its peak in the diversification of marine invertebrates (Alroy et al. 2008) . 336
Extant amphipod lineages started radiating after the major Permo-Triassic extinction, a catastrophic 337 event that wiped out up to 95% of marine taxa (Benton & Twitchett 2003) . During this dramatic 338 extinction, the Panthalassic Ocean was largely anoxic, especially at higher latitudes or depths, and Most of the deep splits in the phylogeny leading towards the extant major clades took place 344 during the Triassic and Early Cretaceous (Fig. 2) . Also, three of the four main lineage diversification 345 peaks took place in this period. Assuming that amphipods were littoral inhabitants throughout this 346 time-frame, it is likely that the breakup of Pangaea followed by subsequent fragmentation of the 347 The last major spike in the amphipod diversification history occurred ca. 90 Ma ago (Fig. 2) . 356
This peak of diversification could be related to the globally high sea-level stands which resulted in 357 vast shallow epicontinental seas that provided a lot of habitat suitable for amphipods (Scotese 2014) . 358
This is particularly visible in the warm, shallow-water Corophioid, Physocephalatan and 359
Physosomatan clades which started proliferating in this period. Furthermore, this diversification peak 360 coincides with a peak in diversity of marine invertebrates (Alroy et al. 2008 ) and also to the highest 361 levels of atmospheric oxygen during the last 250 Ma (Berner 2002) . Talitroid clade is uncertain in our analyses. The Bayesian reconstruction indicated a freshwater 396 ancestry (Fig. 3) while the ML reconstruction suggested a marine ancestry (Fig. S8 ). These contrasting 397 results are most likely an artefact of low sampling of marine Talitroid lineages due to limited sequence 398 availability. Most likely the group has a marine origin (Serejo 2004 ) and more fine scale studies also 399 showed a saline origin of some inland Talitrids (Yang et al. 2013) . Transitions to a pelagic life-style occurred numerous times as well, and are especially 419 prevalent in deep-sea lineages (Fig. 3) . In freshwater, this transition occurred only once, in the highly 420 The expansion into symbiotic niches seems to not have been influenced that much by climatic 428 cooling. Both the large symbiotic Hyperiid clade as well as the caprellid linage of the Corophioid 429 clade switched to this life-style during the warm Late Jurassic/Cretaceous (Figs. 2-3) . These clades are 430 associated with an ancestral preference for warmer temperatures (Fig. 3) . Therefore, it is likely that the 431 
Systematic implications 454
The main molecular clades recovered in our phylogeny correspond well in most cases with the 455 major morphological groups (Lowry & Myers 2017) . Due to some unresolved basal nodes and 456 incomplete taxon sampling, the topology of our molecular phylogeny cannot refute the current 457 systematic view. Although we had data on four of the six recognized suborders (Hyperiopsidea and 458 Pseudoingolfiellidea were missing), our phylogeny generally supports the three main suborders, 459
Amphilochidea, Hyperiidea and Senticaudata, but suggests some reshuffling. For example, the 460 parvorders Lysianassidira, as well as the polyphyletic Haustoriidira and Synopiidira should be placed 461 into the Senticaudata rather than Amphilochidea. Similarly, the suborder Colomastigidea along with 462 the amphilochidean families Amphilochidae and Leucothoidae should be placed within Hyperiidea, 463 reinforcing a previously proposed close relationship between Hyperiidea and Amphilochidae (Kim & 464 Kim 1993) . We consider that a thorough systematic discussion is beyond the scope of this paper, and 465
suggest that a phylogenomic approach could prove invaluable for a better understanding of amphipod 466 evolution, as evidenced in a recent study on decapod crustaceans (Wolfe et al. 2019 ). However, any 467
evolutionary hypothesis needs to be tested by independent lines of evidence, and, as such, we consider 468 that phenotypic data plays a crucial role even in the modern era of phylogenomics (Lee & Palci 2015) . 469 470
Conclusion 471
The Late Mesozoic is notable for its dramatic global changes which saw the rise and demise of 472 many organismal groups, leading towards the modern biota (Scott 1995 opportunities which allowed hypoxia-sensitive amphipods to overcome a long period of ecological 478 stasis and to radiate into many new niches. Such patterns of protracted stasis followed by extensive 479 ecological radiation due to global changes seem to be common throughout the tree of life (Mitchell & 480 while nodes that received strong support in all analyses except parsimony are indicated with purple 832
circles. Bars indicate the strength of the support that each node received in each analysis. Nodes that 833
were weakly supported in all analyses are not annotated. Families are indicated with coloured font. 834
Photographs on the right indicate the extent of morphological diversity of the Amphipoda. maximum likelihood results of the ancestral states are presented in the supplementary information 873 (Fig. S8 ). 874 875
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